The prevalence of obesity is increasing worldwide, which indicates that the primary cause of obesity lies in environmental and behavioural changes rather than in genetic modifications. Among the environmental influences, the percentage of fat energy of the everyday diet and the lack of physical activity are two important factors, which contribute to explain the rising prevalence of obesity. In this review, several lines of evidence are presented to illustrate why dietary fat does affect obesity development. There are four factors which support a link between dietary fat and obesity development:
Importance of the energy balance equation
Body weight regulation depends on the interaction between genetic, environmental and psychosocial factors. The prevalence of obesity is increasing worldwide at an alarming rate, which indicates that the primary cause of the excessive energy storage lies in environmental and behavioural changes rather than in genetic modifications. The factors that influence body weight regulation ultimately act by a chronic modification of the energy balance equation:
Energy stored ¼ energy intake À energy lost in feces and urine À energy expenditure Obesity is characterized by an increase in the number (hyperplasia) and the size (hypertrophy) of adipocytes. Cellular events can cause obesity only if they affect energy balance. This means that changes in the expression of genes which control the differentiation and the development of adipocytes are not primarily responsible for the gain in body weight. 1 A minor imbalance between energy intake and energy expenditure may lead to severe obesity: if energy intake exceeds energy expenditure by 5% every day, this results in a gain of 5 kg fat mass over one year, and to morbid obesity over several years. Yet a difference of 5% between energy intake and energy expenditure is hardly measurable with available techniques, which illustrates why it is so difficult to assess the etiology of obesity in humans.
When studying body weight regulation, the critical issue is not intake or expenditure taken separately, but the adjustment of one to the other under ad libitum food intake conditions. 2 The control of food intake exerts a greater influence on energy balance than do small changes in metabolic rates that occur during overfeeding or underfeeding. Daily variations in food intake are large (coefficient of variation of AE 23%), 3 whereas daily variations in energy expenditure are small (about AE 2%) in subjects spending several days in a respiration chamber, 4 which shows that food intake is the most important determinant of changes in energy homeostasis. An important ques-tion has been to assess whether small differences in energy expenditure may induce large changes in body weight. The concept of 'a low metabolic rate is a risk for weight gain' 5 must be critically analyzed. Ravussin reported that, after a weight gain of 5 -10 kg, the 'low metabolic rate' of the individuals at risk of weight gain was normalized when corrected for body size. These results show that a 'low metabolic rate' or an 'increased metabolic efficiency' 6 may explain a 5 -10 kg weight gain. This is however not enough to induce obesity, defined as a BMI greater than 30 kg=m 2 that corresponds to an excess in body weight of more than 15 kg.
A low level of physical activity has been related to the prevalence of obesity in children. 7, 8 Television watching affects overweight among children and adolescents and a reduction in TV watching time could help prevent the increase in the prevalence of obesity. However, a low level of physical activity taken separately is not directly responsible for the excessive weight gain; as mentioned above, the lack of adjustment of energy intake to the level of energy expenditure is the critical issue. The main question is therefore to understand why food intake does not adjust itself to energy expenditure. Another question related to the energy balance equation is the metabolic fate of ingested nutrients. The latter topic is first discussed and illustrates why fatty meals promote the development of obesity.
Utilization of nutrients
There are two mechanisms by which the utilization of ingested nutrients can affect energy balance:
1. the efficiency of nutrient utilization; 2. the postingestive fuel selection or 'nutrient partitioning'.
The efficiency of nutrient utilization is inversely related to the nutrient-induced thermogenesis, a phenomenon caused by the energy cost of absorbing, processing and storing nutrients. 9 Expressed as a percentage of their energy content, the thermic effect of nutrients is 25 -30% for proteins, 6 -8% for carbohydrates and 2 -3% for lipids. 10 These thermic effects mainly reflect the differences in the energy cost for the synthesis of proteins, glycogen and triglycerides, respectively. 9 The thermic effect of nutrients represents a loss of energy for the body. Thus, by subtracting the values of the thermic effects from a theoretical 100% efficiency, one obtains an efficiency of energy utilization of 70 -75% for proteins, 92 -94% for carbohydrates and 97 -98% for lipids. These data illustrate the fact that fat is utilized with a very high efficiency.
The postingestive fuel selection depends on the plasma concentrations of glucose and free fatty acids and on insulin secretion. Insulin promotes glucose uptake and oxidation in insulin-sensitive tissues. By stimulating glycolysis at several steps and by activating the pyruvate dehydrogenase complex, insulin controls the conversion of glucose to acetyl-CoA and its entry into the Krebs cycle in insulin-sensitive tissues. Insulin also suppresses the activity of the hormone-sensitive lipase, and therefore inhibits lipolysis and lipid oxidation. Thus, after a high-carbohydrate meal that stimulates insulin secretion, glucose oxidation is promoted whereas fat oxidation is inhibited. 11 The main driving mechanisms, which influence fuel selection between carbohydrate and fat, are glucose availability and the postprandial insulin response. By contrast, dietary fats are primarily deposited in adipose tissue and lipid oxidation is not stimulated after a meal, even if its fat content is high. 12 -14 The metabolic priority for carbohydrate over fat oxidation accounts for the fact that carbohydrate balance is well controlled over a 24 h period. This means that nearly the total amount of carbohydrates ingested over a whole day is oxidized within 24 h, a phenomenon which is related to the limited capacity for whole body glycogen storage. Fat balance is often not achieved over a 24 h period, because it reflects the difference between energy intake and expenditure. When 24 h energy balance is negative, endogenous lipids are oxidized and make up for the energy deficit. Conversely, when energy balance is positive, a fraction of dietary fat is not oxidized and is deposited in adipose tissue for a prolonged period of time. 10 In conclusion, both the efficiency of fat utilization and the postingestive fuel selection of fat indicate that this nutrient has a greater metabolic potential to induce weight gain than dietary carbohydrates or proteins.
The conversion of glucose into fatty acid, de novo lipogenesis, is a biochemical process which could invalidate the concept of individual nutrient balance if it was quantitatively an important pathway. Two methods of investigation have been used to assess de novo lipogenesis in humans: indirect calorimetry and stable isotope techniques. A significant net lipogenesis has been observed in humans only with experimental massive carbohydrate overfeeding, 11,15 a condition that does not occur in everyday life. Under these abnormal conditions, de novo lipogenesis is strongly stimulated and hepatic lipogenesis only accounts for a small portion of de novo fat synthesis, suggesting that adipose tissue lipogenesis may play a role. However, under spontaneous feeding conditions, isotopic measurements of de novo lipogenesis show that only 2 -4 percent of glucose carbon atoms are converted into fatty acids; the latter are secreted by the liver after esterification into triglycerides as very-low-density lipoprotein (VLDL). 16 With a highcarbohydrate diet, hepatic de novo lipogenesis does not exceed 5 -10 g fatty acids synthesized per day. 17 Thus, human obesity does not result from the conversion of glucose into lipids and dietary carbohydrates cannot be considered as nutrients directly responsible for the development of obesity.
Dietary carbohydrates may, however, induce a reduction in fat oxidation and thus indirectly play a role in weight gain by favoring dietary fat deposition in adipose tissue. Because of the bulk effect of most carbohydrate-rich meals, which promotes satiation, it is difficult to ingest a large excess of energy as carbohydrate. It is therefore justified to conclude that dietary fat is the main nutrient which favors weight gain Pathways to obesity E Jéquier because after a meal its main metabolic fate is storage in adipose tissue with a high-energy efficiency.
Protein balance is well regulated: increasing protein intake above requirements only causes transient positive nitrogen balance because protein oxidation is stimulated to match protein intake. 18, 19 High-protein meals induce an increase in protein synthesis and in protein turnover. 20 This is accompanied by a postprandial increase in energy expenditure, which corresponds to the thermic effect of proteins. Thus, an excessive protein intake is not a factor which significantly contributes to the weight gain responsible for the development of obesity.
Alcohol is a significant component of the diet that may represent 5 -10% of adults energy intake and is additive to the usual diet. 21 Ethanol is not stored in the body, but it is oxidized in competition with lipid oxidation. 22 Thus, alcohol intake represents a source of energy that induces no or minimal dietary compensation. The energy of alcohol, added to the energy of carbohydrate, fat and protein, is a factor inducing weight gain, particularly because ethanol inhibits lipid oxidation and thus favours the storage of dietary fat in adipose tissue.
Short-term and long-term control of food intake
Impaired control of food intake plays a major role in the etiology of obesity, as documented by the recently discovered monogenic causes of severe obesity that are mainly characterized by a chronic excess of energy intake. 23 -27 When assessing the control of food intake, it is important to consider three different time scales:
1. the suppression of hunger inducing the end of the meal which is called satiation; 2. the period of time of absence of hunger between meals which is referred as satiety; 3. a long-lasting control of food intake, which arises from a hormonal signal, related to the size of the adipose tissue mass. The discovery of leptin, a hormone secreted by adipose cells and which acts via hypothalamic receptors to inhibit feeding represents a major advance in the physiology of body weight regulation. 28 The ability of the macronutrients to stimulate satiation and satiety is not equal. There is a hierarchy in the ability of the three macronutrients to suppress subsequent food intake. Proteins and carbohydrates have the greater satiation and satiety-inducing capacity. By contrast, lipids have a less potent satiating effect than proteins and carbohydrates. 29 Meals with a high lipid content favour passive overconsumption and the high energy density of the meals promotes energy intake. In addition, the fat-induced appetite control signals are too weak or too delayed to prevent excessive energy intake from a fatty meal. According to the concept of oxidation hierarchy, carbohydrate and protein intake elicits an acute autoregulatory increase in their oxidation, with a suppression of fat oxidation. The hierarchy in the capacity of the macronutrients to elicit satiety (protein > carbohydrate > fat) is similar to the priority of fuel selection for oxidation of macronutrients ( Table 1) . It has been suggested that a stimulus generated at the level of fuel oxidation, presumably in the liver, provides a feedback signal that links the oxidative metabolism of fuels to the control of food intake. 30 -32 Long-term manipulation studies show an absence of compensation of energy intake with high fat diets even after 14 days of positive energy balance. In addition, passive over-consumption seems to be related to the energy density of foods: high-fat diets are more energy dense than high-carbohydrate diets, and the former favour hyperphagia. The passive overconsumption of highfatdiets is also due to the fact that people tend to consume a similar bulk of food regardless of its composition. 29 The improved taste and texture of fatty foods further enhances the increased energy consumption of high-fat diets.
Lipids have the less potent satiating effects. Intravenous infusion of lipid emulsion fails to alter voluntary food intake, while intraduodenal administration of lipid is effective, 33 indicating that gut factors are responsible for the satiating effects of lipids. Stimulation by enteral lipid of cholecystokinin (CCK) secretion plays a role in mediating satiation and early phase satiety. This hormone activates CCK-A receptors in the pyloric region of the stomach; the signal is then transmitted via vagal afferents to the nucleus of the tractus solitarius, where it is relayed to the paraventricular nucleus and to the ventromedial hypothalamus. 34, 35 The gastrointestinal tract contains mechano-and chemoreceptors that are stimulated by the bulk and the nature of nutrients respectively. These receptors relay the information about the gastrointestinal nutrient content to the brain via the vagus nerve. 36 These receptors induce satiation and early satiety. Recent evidence suggests that the volume of foods plays a major role in eliciting satiation and satiety, 37 and this finding has important implications for nutritional advice aiming at the prevention of obesity development.
Delayed effects on food intake arise from changes in the adipose tissue mass. Acute changes in body weight induced by forced overfeeding as part of an experimental setting 38, 39 or of a ritual procedure 40 are subsequently corrected by a reduction of spontaneous food intake. This indicates that there are signals which inform the nervous centers controlling food intake on changes in body composition. These mechanisms remain largely unelucidated but the recently identified adipose tissue hormone leptin may be one of the Pathways to obesity E Jéquier long-term signals. 28 Whether leptin plays a role in the longterm regulation of body weight in humans is uncertain. 1, 41 Long-term body weight regulation needs a regulatory loop with three distinct steps: (1) a sensor which monitors the size of the adipose tissue mass; (2) hypothalamic centers which receive and integrate the signal from adipose tissue; (3) effector systems which influence energy intake and energy expenditure. Leptin, a hormone secreted by adipose cells in proportion to adipose tissue mass, acts on hypothalamic receptors to inhibit feeding and to stimulate energy expenditure in mice. The leptin system represents a feed-back regulatory loop which seems ideal to maintain a constant body weight.
In obese humans, plasma leptin concentrations are related to the size of the adipose tissue store, but this elevated leptin signal does not induce the expected responses (ie a reduction in food intake and an increase in energy expenditure). This suggests that obese humans are resistant to the effects of endogenous leptin, a resistance that is also shown by the lack of effect of exogenous leptin administration to induce weight loss in obese patients. 42 The mechanisms that may account for leptin resistance in human obesity include a limitation of the blood -brain -barrier transport system for leptin 43, 44 or an inhibition of the leptin signaling pathway through activation of SOCS3 (suppressor of cytokine signaling gene). 45, 46 Thus in humans, leptin has not evolved to prevent obesity during exposure to nutritional excess. 1 By contrast, the leptin signaling system appears to be involved in the maintenance of adequate energy stores (ie adipose tissue mass) for survival during periods of starvation. During periods of energy deficit, the fall in leptin plasma levels exceeds the rate at which fat stores are decreased. 47 Reduction of the leptin signal induces several neuroendocrine responses that tend to limit weight loss such as hunger, food-seeking behavior and suppression of plasma thyroid hormones levels. 48 Thus, through evolutionary pressure, the main role of the leptin signaling system appears to be the promotion of fat storage in time of plenty through a reduction of the leptin signal.
Importance of dietary fat in body weight regulation
We have discussed three factors that contribute to explain how fatty meals can favor weight gain: (1) the high efficiency of fat utilization; (2) the metabolic fate of dietary fats that are first stored in adipose tissue; (3) the high energy density and palatability of fatty meals which induce passive overconsumption of energy (Table 1) . Although the metabolic and hedonic properties of dietary fats imply that fatty meals are weight-inducing, the only proof that they contribute to weight gain is to test the long-term effect of ad libitum low-fat diets on body weight in obese subjects. Such studies are difficult to carry out because of the lack of compliance of obese subjects. 49 -52 In a recent meta-analysis, Astrup 53 reported that ad libitum low-fat diets produce weight losses that average 1.6 g per day for each 1% reduction in the level of fat: overweight subjects lost 5 -7 kg before reaching a new plateau. The main factors that predicted the degree of weight loss on the low-fat diet were the degree of reduction in dietary fat and the pretreatment body weight. Obese patients with a mean body weight of 95 kg and a reduction of fat intake from 45 to 25% energy as fat lost an average of 7 kg. Although low-fat diets induce weight loss in obese individuals, 54 -56 their long-term effect from a public health perspective is limited in the treatment of obesity. 29 A reduced compliance to the dietary advice is likely to occur. 57 If ad libitum low-fat diets have been disappointing for the treatment of obesity, they are more effective in preventing weight gain. 29, 51 Therefore, promoting low-fat diets should be advised in any programme for the prevention of obesity.
Conclusion
The main pathways to obesity mainly depend on environmental and behavioral factors which influence gene expression. Except the very rare cases of monogenic origin, obesity results from a polygenic disorder. The mechanisms by which environmental factors interact with regulatory pathways in the polygenic forms of obesity are yet to be discovered. A simplified view emphasizes the importance of lipid balance. Factors that favour fat intake and those that inhibit fat oxidation are likely to promote excessive weight gain. Recent evidence, however, suggests that high-fat diets are not sufficient to explain the rise in prevalence of obesity. 58, 59 Among individuals consuming a high-fat diet, those with a high capacity to oxidize fat appear to have a low risk of weight gain. 60 Further research is needed to better understand how fat balance is regulated and to develop new drugs aiming at decreasing fat intake or stimulating fat oxidation. It is also worth remembering that the most efficient way to stimulate fat oxidation is physical activity of moderate intensity and long duration. 61 
